We present what is to our knowledge the first demonstration of a tunable fiber Bragg grating device in polymer optical fiber that utilizes a thin-film resistive heater deposited on the surface of the fiber. The polymer fiber was coated via photochemical deposition of a Pd/ Cu metallic layer with a procedure induced by vacuum-ultraviolet radiation at room temperature. The resulting device, when wavelength tuned via joule heating, underwent a wavelength shift of 2 nm for a moderate input power of 160 mW, a wavelength to input power coefficient of −13.4 pm/ mW, and a time constant of 1. There are many important applications for tunable fiber devices in optical sensing and lightwave communication systems. The use of fiber Bragg gratings (FGBs) as tunable filtering candidates has been demonstrated in glass fibers with wavelength and bandwidth tunability shown by use of strain 1 and temperature.
There are many important applications for tunable fiber devices in optical sensing and lightwave communication systems. The use of fiber Bragg gratings (FGBs) as tunable filtering candidates has been demonstrated in glass fibers with wavelength and bandwidth tunability shown by use of strain 1 and temperature. 2, 3 FBG filters coated with thin-film heaters on the surface have been promoted as wavelength-tunable devices because of their compact nature, fast response, and high efficiency. It has been noted recently that polymer optical FBGs have a high temperature sensitivity, 4 and hence they may be suitable candidates for producing a widely tunable filter by heating the fiber. Thermally tuned gratings in polymer waveguides have resulted in large wavelength tuning, but in polymer material that cannot be extruded into fiber. 5 In this Letter we demonstrate what is believed to be the first wavelength-tunable polymer optical FBG filtering device that relies on thin-film resistive load heating to produce wavelength changes.
FBGs were inscribed into step-index single-and few-mode polymer optical fiber [polymethylmethacrylate (PMMA)] by use of a 30 mW Kimmon IK series HeCd laser emitting at 325 nm by means of the standard phase mask technique. The phase mask had a pitch of 1060.85 nm and was designed to produce a FBG at 1568 nm in the polymer optical fiber, in contrast with the 1536 nm design wavelength for silica fiber. Further details of the inscription procedure may be found in Ref. 6 .
The surface region around the grating was coated with a Pd/ Cu metallic layer; the former aided adhesion to the PMMA, and the latter acted as the thinfilm heater element. Metal deposition was initiated by use of a vacuum-ultraviolet (VUV) light source operating at 172 nm and at low (room) temperature using the arrangement in Fig. 1 . At this wavelength the penetration depth of the light source is of the order of 1 m, and therefore there is no damage to the grating device, but the surface of the sample undergoes chemical roughening, as the light initiates bond scission. The VUV exposure time ranged from 1 to 10 min. The dangling polymer bonds bond both physically and chemically to metallic particles. This is of great advantage as there are very few approaches for coating polymers with metal at room temperature and much higher temperatures would have an adverse impact on the performance and spectral characteristics of the grating. Furthermore, the coating took place in a low vacuum of 10 −2 mbars, which again is not enough to affect the basic fiber and grating properties. This approach of decomposing metal organic films with incoherent VUV excimer lamps at low temperature is ideal for the manufacture of thin-film microcircuits and devices, proving to be an efficient technique for the preparation of uniform thin films. The film thickness is controlled by variation of the reaction parameters, the concentration of precursor and the UV-irradiation time.
The response of thin-film heated Bragg gratings in glass optical fibers has been characterized, but we anticipate differences between the thermal properties of the glass and polymer-based devices, principally the thermal diffusion and radiation dissipation, given the different thermal conductivities and emissivities of glass and polymer materials. We consider a differential equation that describes the temperature distribution and thermal flow in the fiber, assuming that the coating is sufficiently uniform and greater in length than the grating to give a uniform temperature distribution across the grating length, so only the radial distribution and thermal flow along the grating length are important. The device is modeled as a polymer cylinder with a thin-film thermal source on the surface enclosed by air. In this way the heat diffuses into the fiber core and the surrounding air, in addition to radiation. From energy conservation within the fiber, 7 ‫ץ‬T͑x,t͒
where x is the distance along the fiber; T͑x , t͒ is the fiber temperature; , , and c p are the thermal diffusivity, density, and constant pressure heat capacity of the polymer (PMMA), respectively; and R fiber is the fiber radius. P in ͑x , t͒ is the heating generated by the thin-film heater, and P out ͑x , t͒ is the rate of heat loss from the fiber to the air. In general P in ͑x , t͒ = I 2 ͑t͒R͑x͒, where R͑x͒ is the local resistance per unit length of the coating and I͑t͒ is the electrical current. Furthermore, if we assume that the rate of heat loss is proportional to the change in temperature, then P out ͑x , t͒ = a͉T͑x , t͒ − T air ͉, where a is a constant that may be temperature dependent and represents a lumped heat transfer coefficient due to heat transfer from the surface of the device. The rate of heat loss is linearly proportional to the change in temperature,
where h is the surface conductance of the fiber, which characterizes the heat flow out of the fiber; additionally,
hence a is related to h by
Furthermore, radial heat flow terms have to be considered:
where air and T air are the thermal diffusivity of air and the air temperature, respectively. This term is important as it accounts for temperature gradients that may exist radially across the grating. Given that the thermal conductivity of PMMA ͑0.17 W / mK͒ is only 7 times that of air ͑0.025 W / mK͒, compared with 55 times for silica glass ͑1.38 W / mK͒, one should consider the validity of ignoring radial gradients and consider only heat flow along the length of the fiber. The heat flow through and along the surface of the fiber is characterized by the Biot number, Bi = hR fiber / . If the Biot number is sufficiently small ͑Ͻ0.1͒, meaning that the thermal conductance over the length R fiber is far greater than the surface conductance, then the radial thermal gradients become negligible. Hence a measurement of a leads to an estimate of h, and Bi and determines whether the fiber can be treated as a 1-D system. a constitutes a system time constant, therefore we must measure the filter's wavelength shift in response to a sudden current input.
To characterize the tunable filter, current was passed through the thin-film metal coating, resulting in joule heating that increased the temperature of the fiber and the grating; any changes in wavelength response due to current flowing through the thin copper film were measured with a broadband light source and optical spectrum analyzer. The total resistance of the film encompassing the grating and the connection via copper wires was measured to be 3.2⍀. Figure 2 shows the wavelength shift induced by joule heating. Note that the wavelength to input power coefficient is negative, as expected, −13.4 pm/ mW. Figure 3 shows the spectrum of the grating for several values of input power. We note that throughout the wavelength tuning the grating spectrum remained unchanged, and this observation is consistent with a spatially uniform heating of the grating. The fiber was nominally single mode at the wavelength of operation, but we observe a spectrum that is dual peaked, a result of a dual-exposure inscription procedure. The grating inscription alters the average core index in addition to the modulated grating component, as the inscription times are relatively long. However, given that the core and cladding are polymerized under different conditions, the core is far more responsive to grating inscription than the cladding region. We have certainly demonstrated good single-mode gratings in both step-index and microstructured polymer optical fibers. 6, 8 When the input power is uniform the temperature variation as a function of time is
where P in Ј is related to the input power but depends on the thermal capacity of the PMMA and the metal film. As noted earlier, a measurement of a yields information regarding the rate of heat flow out of the fiber. Figure 4 shows the rise time of a thermally tuned FBG, with data collected for three different heating powers applied suddenly at t = 0 s: 45.8, 71.5, and 103.2 mW. The curves correspond to fits that use a single exponential form, from which we have determined the time constant, a = 1.7 s −1 . There is no apparent or systematic dependence on the applied power.
Having determined a we can now evaluate h and Bi. Using the geometric and material properties of the fiber ( = 1190 kg/ m 3 , c p = 1450 J / kg K, R fiber = 120 m, = 0.17 W / mK), h is found to be 175 W / m 2 K, and Bi is ϳ0.1; this is compatible with a treatment of the polymer fiber as a 1-D system.
We have successfully demonstrated the first wavelength-tunable fiber Bragg grating filter in polymer optical fiber based on thin-film resistive load heating. The device underwent a wavelength shift of 2 nm for a moderate input power of 160 mW, a wavelength to input power coefficient of −13.4 pm/ mW, and a time constant of 1.7 s −1 . A basic study has verified that for this fiber type one can treat the device as a 1-D system. However, as the fiber thickness increases one may have to account for radial gradients across polymer optical fiber based FBG devices. Finally, the coating at room temperature is significant, as there is no adverse impact on the grating spectrum and the procedure is well suited to coating cylindrical polymers with low glass transition temperatures without adversely affecting light guidance.
